Abstract: Data envelopment analysis (DEA) is an effective tool to measure the relative efficiency of decision-making units (DMUs) with multiple inputs and outputs. This study classifies the outputs into desirable and undesirable outputs, and then presents two DEA models, radial and non-radial models, to measure the environment efficiency for DMUs with undesirable outputs. Finally, two proposed DEA models are applied to evaluate the performance of 26 countries within OECD, in which two inputs (population and total energy consumption), two desirable outputs (GDP and total power generation) and one undesirable output ( 2 CO emission) are considered, and some managerial implications are demonstrated.
Introduction
Data envelopment analysis (DEA) is a method for evaluating the relative efficiency of decision-making units (DMUs) . During the last three decades, it has been widely used in many areas, such as human development index (Lozano and Gutierrez, 2008) , regional innovation systems (Wu et al., 2009) , snowboard manufacturing industry (Walsh and Singh, 2009) , etc. It is assumed in classical DEA models that the inputs are as small as better while the outputs are as large as better. However, Koopmans (1951) pointed long time ago that some undesirable outputs, such as pollutants and wasters produced, seriously pollutes the environment and should be decreased. Färe et al. (1989) classify the outputs into desirable and undesirable outputs, and then propose a non-linear programming model to measure the efficiency of DMUs with desirable and undesirable outputs. Scheel (2001) proposes some DEA models with undesirable outputs to measure the environment efficiencies by considering desirable outputs and undesirable outputs simultaneously. Seiford and Zhu (2002) give radial measures which assume that the efficiency can be improved via increasing the desirable outputs and decreasing the undesirable outputs simultaneously. Färe et al. (2004) suggest an alternative approach which can be used to measure the environmental technology and gauge performance in terms of increased good outputs and decreased bad outputs.
Non-radial efficiency measurements and improvements form another rich area of research. Banker and Morey (1986) present a non-radial DEA model in the traditional DEA framework, while several papers (Chen, 2003; Chung et al., 1997; Reinhard et al., 2000; Seiford and Zhu, 1998) develop different non-radial DEA models for different cases. Furthermore, Zhou et al. (2007) introduce a non-radial undesirable DEA model to measure the environment efficiency with undesirable outputs and evaluate the performance of OECD countries. In addition, Hua et al. (2007) also propose a non-radial undesirable DEA model to evaluate the environmental performances of the paper mills along Huai River and consider improvements by increasing desirable outputs and decreasing undesirable outputs simultaneously. This paper proposes two different (radial and non-radial) DEA models with undesirable outputs for measuring the environment efficiency, which consider the improvements from both sides of desirable and undesirable outputs. The rest of this paper is organised as follows. Section 2 proposes and discusses a radial model and a non-radial model to measure the environment efficiency from both sides of desirable and undesirable outputs. Section 3 applies the models to measure the environment efficiency of OECD countries and the conclusions are made in Section 4.
Methodology

Models
In this section, we will introduce two DEA-based linear programming models for performance analysis with undesirable outputs. Suppose there are n independent homogeneous DMUs denoted by DMU ( 1, , ) j j n . For each DMU, m inputs
are consumed to produce s outputs Banker et al. (1984) can be shown as follows: 
In the above linear programming model, the undesirable outputs are viewed as changeable inputs and the optimal value can express the efficiency of 0 DMU from both sides of desirable outputs and undesirable outputs, and the optimal objective value of model (3) can be used to measure the efficiency of 0 DMU relative to other DMUs. Suppose there is a set of 1 2 { , , , } n which can satisfy all the constraints in model (3) and make ( ) 0 be true. Then, we have 
The model (4) is equal to: 
For model (5), it is very easy to prove that 0 DMU is efficient if and only if ( ) 0 . The above model (3) measures the efficiency of DMUs from both sides of desirable outputs and undesirable outputs, but it belongs to the radial DEA models which consider the desirable outputs or undesirable outputs equivalently, and it ignores the differences between the different outputs (including desirable outputs and undesirable outputs). As an extension of the above model, we propose a non-radial DEA model which is shown as follows: 
Compared with model (3), model (6) considers each desirable output or undesirable output differently, which can provide for some more improvement information about each output for the managers. In addition, in the above model, the optimal objective value 1 1
(1 Proof: The proof is similar to that of Theorem 1.
Returns to scale evaluation
Following the duality theory, we can obtain the following dual formulation of model (3), which can be used to identify the characteristics of the returns to scales (RTS) of the 
where , , i r and are dual variables related to constraints of the radial model presented (model (3)).
Similar to the discussion in the Hua et al. (2007) , the approach of estimating the DMUs' RTS presented in Banker et al. (1984) is still applicable to our return analysis. If there is a unique solution in the model (7), the following approach can be used to estimate the DMUs' returns. However, as a main problem, the above model (7) faces to an occurrence of multiple solutions. We examine the upper and lower bounds of for solving this problem, these two values can be used to indicate the type of RTS of a 0 DMU . Then, we compose the following programming for calculating the upper and lower bounds of . 
where is equal to the optimal value calculated by model (7) Gomes and Lins (2008) . In this study, we add the total power generation as a desirable output which consumes much energy and it is always described as an important indicator of a country's strength.
In this paper, the input variables used are population ( 1 x , in million of inhabitants) and total energy consumption ( 2 x , in million BTU), and the desirable outputs are GDP Table 1 .
Efficiency analysis
Firstly, we calculate the efficiency scores by models (3) and (6), respectively, and then we compare the results based on different models for illustrating the difference between these two proposed models. The efficiency scores of all the 26 DMUs are shown in Table 2 . The efficiency scores calculated by models (3) and (6) are illustrated in the last two columns of Table 2 , respectively, in which we can easily find that there are ten countries identified as efficient DMUs by models (3) and (6). However, the efficiency scores of the inefficient DMUs obtained by two models are always different. Considering for the results in Table 2 , we can find the efficiency scores of all the DMUs measured by model (3) are no higher than those by model (6), particular for DMU 5, 15, 19 and 21, the efficiency scores by model (6) are much higher than those by model (3). Table 1 The full data of inputs and outputs Table 2 The efficiency scores of models (3) Table 2 The efficiency scores of models (3) and (6) 
DMU
Efficiency improvement analysis
The DEA models not only calculate the efficiency scores of each DMU but also can provide targets for inefficient DMUs to use as benchmarks for improving their performances. In this part, we will calculate the targets of all DMUs by models (3) and (6), respectively, and compare them for illustrating the differences between these two models.
In Table 3 , efficient output targets, respectively, obtained by models (3) and (6) are presented, which just consider the expected changes on the side of output (including desirable outputs and undesirable outputs) while keep the inputs unchangeable. As the results shown in Table 3 , most of the targets for the inefficient DMUs obtained by model (3) are different from those by model (6). In model (3), the targets of the desirable outputs and undesirable outputs are all obtained by changing their original values by the same proportion, while in model (6), inefficient DMUs can improve their efficiency by changing different output variables with different proportions. In addition, for the output measures of a specified DMU may be different from each other, in this case, the nonradial model can be used to measure the efficiency and provide the accurate output targets for each different output. Take Czech Republic (i.e. DMU5) as an example, in order to become efficient, by model (3), it should increase its desirable outputs by at least 128% and decrease its undesirable output by at least 64%, that is, the values of y should be changed from 57. 085, 76.7 and 29.006 to 193.742, 98.142 and 10.437 
RTS analysis
We evaluate the types of RTS of all the countries measured by using models (7) and (8) and illustrate the results in Table 4 .
As Table 4 describing, most of the countries (14 in 26) belong to the decreasing type of RTS, 7 countries are constant type of RTS and only 5 countries are increasing RTS. That is, for the most of the countries, a prevailing policy for them is to reduce the inputs to eliminate technical inefficiencies.
Table 3
Targets calculated by models (3) 
Conclusions
This paper proposes two new DEA models for measuring the environment efficiency, both of which can measure the performance of DMU from both sides of undesirable outputs and desirable outputs. The first model is called radial model in which the inefficient DMUs can improve their efficiency by increasing all the desirable outputs and/or by decreasing all the undesirable outputs by the same proportions, while the other model is non-radial model in which the targets are obtained by changing the different output variables with different proportions. Finally, we apply both of the radial and non-radial DEA model to measure the environment efficiencies of 26 countries within OECD, which can also be used to illustrate the proposed models and compare them. The results of improvement targets are also provided and compared.
